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Statement of Disclaimer
Since this project is a result of a class assignment, it has been graded and accepted as fulfillment
of the course requirements. Acceptance does not imply technical accuracy or reliability. Any
use of information in this report is done at the risk of the user. These risks may include
catastrophic failure of the device or infringement of patent or copyright laws. California
Polytechnic State University at San Luis Obispo and its staff cannot be held liable for any use or
misuse of the project.
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Executive Summary
Uncalibrated thermocouples cannot be used to generate data with any meaningful confidence
interval. Relying on uncalibrated instruments can result in potential failure or undesirable
results. Large quantities of thermocouples are expensive to calibrate, at an average market price
of approximately $100 per thermocouple.
This project has resulted in the development of an accurate way of calibrating thermocouples to a
known accuracy. Using this device, up to 16 thermocouples may be calibrated at once. The total
system cost stands at approximately $3000. After using the system twice, calibrating 32
thermocouples, the cost of calibrating each thermocouple is less than the cost of having the
thermocouples commercially calibrated. The device has no wear components and is projected to
last many calibration cycles, resulting in a very low cost to calibrate each thermocouple. The
overall uncertainty of a thermocouple calibrated using this device is under ±1°C, better than
many calibrated off the shelf thermocouples.
This device currently consists of calibration from ambient to 300°C; however it is easily
expanded to extend the temperature range to -40°C. The system is also expandable in order to
calibrate up to 32 thermocouples simultaneously with another thermocouple input card for the
DAQ chassis. This expansion would make the calibration device even more efficient and cost
effective. Current and future testing aimed at increasing the overall accuracy of the system could
potentially bring the overall uncertainty of a calibrated thermocouple to less than ±0.5°C.
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INTRODUCTION
Sponsor Background and Needs

The goal of this project is to develop a thermocouple calibration unit with a high degree of
confidence and accuracy. This thermocouple calibration device will be designed and developed
at Cal Poly San Luis Obispo and delivered to Tesla Motors Inc.
To best utilize thermocouples, they must be calibrated to a known accuracy. Non-commercially
produced thermocouples have unknown accuracies. The final deliverable will be a semiautomated device that produces a calibration curve for each thermocouple with a known
confidence and accuracy.
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Formal Problem Definition

•

A finished thermocouple calibration unit that is capable of calibrating thermocouples
produced by Tesla Motors Inc.

•

Delivered to Tesla Motors’ Palo Alto offices by June, 2012.

•

The calibration unit will meet all performance goals set forth by Tesla Motors. Specific
requirements have been provided and are outlined in Table 1. This unit will be supplied
tested and validated.

As specified in the requirements provided by Tesla Motors, National Instruments LabVIEW will
be the software used for data acquisition. Final output of reduced data will be in Microsoft
Excel.
The finished unit will be of robust design with minimal required maintenance. Comprehensive
design documentation will be made available along with a complete schematic of the design. A
user- friendly manual will be included with the unit.
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Objective/Specification Development

Table 1. Thermocouple calibration device formal engineering requirements, as provided by
Tesla Motors (Olsen, 2011)
Specification

Parameter

Requirement

Risk Compliance

1

Thermocouple
Compatibility

Type T and Type K with
standard connectors

L

S

2

Temperature Range

-40°C to 300°C

H

A,T

3

Device Temperature
Accuracy

±0.05°C

H

A,T

4

±0.5°C
Calibrated
Thermocouple
Temperature Accuracy

H

A,T

5

Time to Calibrate

Less than 4 hours

M

A,T

6

Number of
Thermocouples
Calibrated

25 at a time

M

I

9

7

Number of Steady
State Temperatures for
Data Collection

Between 5 and 10

M

A,T

8

User Interface

No user intervention required
during process

H

A,T

9

Output Format

Excel file

M

A,T

10

Calibration Software

LabVIEW

M

A,T

11

Deliverables

CAD files of any and all
manufactured parts

L

A

10

Table 2. Risk Key
Key

Risk

L

Low

M

Medium

H

High

The fourth column of Table 1 indicates expected risk levels of individual requirements. The
difficulty or importance of meeting a requirement is considered when assigning risk values
(Table 2). The assigned risk values are relative. High risk requirements (H) are considered to be
critical to functionality, the most difficult requirements to meet, or both. Medium risk
requirements (M) are considered to be important for the function of the device, relatively
difficult to achieve, or both. Low risk requirements (L) are the most straightforward
requirements and do not necessarily have an impact on the overall function of the device. The
risks assigned to requirements in Table 2 are an initial, speculative risk level. As the project
progresses, a revised risk schedule may be provided.
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Table 3. Compliance Key
Key

Compliance

A

Analysis

T

Test

S

Similarity to existing designs

I

Inspection

The compliance column of Table 2 indicates the method that will be used to ascertain whether or
not a parameter meets its specific requirement. The types of compliance checks are listed in
Table 4. Analysis refers to mathematical models, either on paper or computer models where
appropriate. Test compliance will be verified after construction; physical testing will be used to
verify compliance. Similitude will be used to verify compliance on appropriate parameters. The
only parameter with a requirement that can simply be verified via inspection is the number of
thermocouples capable of being calibrated at once, as seen in Table 2.

12

BACKGROUND
Existing Methods
Calibration is the process of applying a known input value to a measurement system for the
purpose of recording the system output. The known value is commonly referred to as the
standard; this can either be a static value or dynamic value depending on the desired system
behavior (Beasley, 2000).
The National Institute of Standards and Technology (NIST) offer a thermocouple calibration
service from -110°C to 315°C. They charge $557 per calibration point with a minimum of two
calibration points and an accuracy of ±0.4°C. This is a comparison type calibration with direct
traceability to national standards (National Institute of Standards and Technology).
Commercial services can be found that will calibrate individual thermocouples at up to five
temperature points at a cost of approximately $100 per temperature point. These services utilize
controlled temperature mediums through the use of cooling or heating baths and tube type
furnaces. Alternatively, this equipment can be purchased and the calibration can be performed in
house. Commercially available fluid baths are capable of operating at temperatures from -30°C
to 200°C. Tube furnaces are commonly used to calibrate thermocouples at temperatures above
200°C. The temperature control equipment can be expensive; most fluid baths cost upward of
$1000, and furnaces cost upward of $2000. If a small number of thermocouples need to be
calibrated the commercial services are a cost-effective solution.
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Calibration Methods
There are generally two types of calibration for thermocouples; primary and secondary:
•

•

Primary calibration refers to the use of temperature stable fixed point cells of
various materials as defined by ITS-90, such as the triple point of water, the triple
point of argon, and the freezing point of tin. These fixed point cells are the
standard for the calibration and are inherently static values. Instruments that are
primary calibrated are usually used in labs and other areas where absolute
accuracy is critical. ITS-90 defines the temperatures of individual fixed point
cells down to ±0.00005°C in some cases; this makes accuracies of similar
magnitudes possible (Preston-Thomas, 1990).
Secondary calibration methods use a primary sensor as a reference. This is often
called comparison calibration. Accuracy is lost, but dynamic calibration can be
performed.

Thermocouples are usually calibrated at several different temperatures because the relationship
between temperature and EMF is not linear. Data is recorded at steady state conditions so there
must be a stable temperature differential in the thermocouple wire in order to obtain good results.
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Specific Technical Data
Thermocouple Background
The two thermocouple types that need calibration are T and K type. Per American Society for
Testing and Materials (ASTM) standard E230 the published minimum and maximum
temperatures for Type T thermocouples are -270°C and 400°C, respectively. Type K
thermocouples have a published range of -270°C to 1372°C. ASTM E230 also provides
electromotive force (EMF) tables for various thermocouple types. Thermocouples are
commonly used as temperature sensors due to the Seebeck effect. This effect describes an EMF
generated as a function of a temperature gradient in the thermocouple wires. Using the ASTM
tables, the voltage generated in a thermocouple wire can be measured and the temperature
corresponding to this voltage found in the tables. These tables have a resolution of 1°C; the
published resolution indicates an accuracy of ±0.5°C. Many assumptions are made when using
the ASTM tables; it is incorrect to assume that they are accurate to ±0.5°C. In the same
standard, ASTM indicates a tolerance of ±1.0°C or 0.75% as ‘standard’ and ±0.5°C or 0.4% as
‘special’ for Type T thermocouples. The tolerances on Type K thermocouples are less precise,
±2.2°C or 0.75% as ‘standard’ and ±1.1°C or 0.4% as ‘special’. The ASTM also states that
“…EMF-versus-temperature relationship may change with time…”(ASTM, 2011). Based on the
published ASTM thermocouple standard, uncalibrated thermocouples should not be assumed to
be accurate to more than ±0.5°C with any confidence.
Thermocouples are well understood and have been thoroughly analyzed. The ASTM provides
not only a table of temperature and corresponding EMF for specific thermocouples, but also
polynomial equations relating temperature and EMF. There are different equations for different
temperature ranges to maximize accuracy, and the coefficients in the equations are provided to at
least ten significant figures (ASTM, 2011).
Since these equations are available and are given to the number of significant figures they are, it
can be assumed that most thermocouples of a given composition exhibit similar behavior. Given
multiple thermocouples produced from the same stock of wire of the same gauge from the same
manufacturer, all of the thermocouples will likely exhibit similar behaviors.
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In calibrating instruments, the major sources of inaccuracies are bias error (or zero drift) and
sensitivity error (or drift), hysteresis, and repeatability (Beasley, 2000), (Thorncroft, 2007).
Hysteresis and repeatability are not errors that calibration is able to mitigate, so they must just be
acknowledged and accounted for. Bias error and sensitivity error are usually related to the
construction of the instrument, and in this case similar thermocouples will likely exhibit similar
errors.
Thermocouples constructed using standard practices and standard thermocouple wire are
frequently utilized. Without calibration, it can be assumed that the bias error of a Type T
thermocouple is ±1.0°C or 0.75% and ±2.2°C or 0.75%, whichever is greater for Type K. In
addition to this bias error for the thermocouple, there are other sources of error in a thermocouple
circuit. The voltage of the thermocouple must be read via some type of electronic device. These
devices, when added to the thermocouple circuit, affect the reading of the voltage of the
thermocouple. The mechanism by which a thermocouple works, the Seebeck effect, requires that
the voltage be measured with no current flow through the circuit (Beasley, 2000). In order to
minimize current flow, devices used to read the thermocouple voltage must have very high input
impedances. In long thermocouples, the internal resistance of the thermocouple wire can cause
residual current.
Cold junction compensation introduces another source of error. Thermocouple voltages are
calculated assuming that one junction of the device is at the desired measured temperature, and
the other junction is at zero degrees Celsius. In order to simplify reading, most thermocouple
voltage measuring devices include a built in temperature sensor (usually a thermistor) that
measures the ambient temperature and then ‘corrects’ the thermocouple output voltage to the
voltage the thermocouple would generate if one junction were at zero degrees Celsius. Both of
these error sources are recognized by manufacturers of data acquisition devices (DAQ)
commonly used for thermocouple reading. National Instruments’ NI 9214 High-Accuracy
Thermocouple Module has the errors shown in Table 4. (National Instruments, 2011)

16

Table 4. National Instruments NI 9214 Thermocouple DAQ Accuracy (National
Instruments, 2011)
Gain Error

0.03% typical at 25°C

Offset Error

2 µV typical at 25°C

Cold Junction Compensation Error

0.25 °C typical at 23°C

A design-stage uncertainty analysis of this DAQ results in an error of ±0.27°C for both Type T
and Type K thermocouples between -40°C and 300°C. The magnitude of total error is similar in
magnitude to the contribution from the cold junction compensation error. This indicates that the
cold junction compensation error is the variable that must be minimized to improve system
accuracy. Improving the cold junction error by an order of magnitude (to 0.025°C typical)
results in an error reduced to ±0.1°C at 300°C and ±0.06°C at -40°C.
National Instruments provides a table of total measurement errors for different thermocouple
types and different measuring temperatures. For a Type K thermocouple at 300°C, they indicate
an accuracy of ±0.42°C. For Type T at 300°C, the accuracy is ±0.33°C (National Instruments,
2011). These accuracies include all measurement errors of the unit, including RMS noise, so
they are slightly higher than the uncertainty analysis above which only takes gain, offset and cold
junction errors into consideration. The magnitude of the error is similar, and it is still important
to realize the contribution cold junction compensation has on the total uncertainty.

17

Applicable Standards
The ASTM is the organization that is primarily responsible for thermocouple standards and
calibration methods in the US. There are over 25 ASTM standards dealing with thermocouples
and temperature measurement. The standards applicable to this project can be found in Table 5.
Other organizations also publish thermocouple standards for specific industries and groups.
These include ISO, ANSI, IEC, SAE, MIL spec and others. These standards are usually very
specific and are not considered appropriate in the scope of this project.
Table 5. Applicable ASTM Standards
Standard

Description

ASTM E230

Standard Specification and Temperature-Electromotive Force (EMF) Tables for
Standardized Thermocouples

ASTM E2730

Standard Practice for Calibration and Use of Thermocouple Reference Junction Probes
in Evaluation of Electronic Reference Junction Compensation Circuits

ASTM E1129

Standard Specification for Thermocouple Connectors

ASTM E220

Standard Test Method for Calibration of Thermocouples By Comparison Techniques

In addition to thermocouple standards, basic safety guidelines must be followed. The calibration
unit is hazardous due to the temperature extremes. An exterior cover for the unit will be
fabricated in order to prevent inadvertent contact with the copper blocks. A lock may be
implemented in order to prevent the unit from being opened while it is at temperature extremes.
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DESIGN DEVELOPMENT
Conceptual Designs
Single Fluid Isothermal Block

Figure 1. Schematic Diagram of Single Fluid Isothermal Block Concept.
In this concept, the thermocouple junctions to be calibrated are placed on a copper block and
held in place with a clamp. There are fluid passages machined through the block. The locations
and sizes of these passages are dictated by the placement of the thermocouple junctions on the
block, the insulation of the block, and the desired time for the system to reach a steady state
19

temperature; all of these will be considered in order to eliminate temperature gradients in the
surface temperature of the block at the thermocouples.
A fluid is pumped through these passages after flowing around a cooling or heating element
which are controlled via LabVIEW. The fluid used is Clearco Pure Silicone Fluid, with a
viscosity of 100cst. This fluid is purportedly stable across a temperature range from –55°C to
315°C (Clearco Products). A control loop is built into LabVIEW using a high precision thin film
platinum resistance temperature detector (RTD) as the feedback sensor.
Once the ‘start’ button is triggered, the system turns on the fluid pump and the immersion cooler.
When the minimum temperature of -40°C is reached, several data points are collected with
LabVIEW; including the time of the measurement since the calibration began, the temperature
recorded by the RTD and the voltages of each thermocouple. Several temperature measurements
are recorded at this ‘steady state’. Once the data has been collected at this temperature, the
system is allowed to move to another steady state temperature, with the control loop using the
immersion cooler and the immersion heater to reach the next desired steady state temperature.
Once the system has reached another steady state temperature, several more data points are
collected. This process repeats until the system has reached and recorded data at a temperature
of 300°C. After the data at 300°C has been recorded, the system turns off the temperature
controller. Data reduction is then performed, with the data points collected for each
thermocouple used to construct a relationship between the temperature of the sensing junction of
the thermocouples and the voltage measured at the thermocouple leads. This is known as a
calibration curve. A calibration curve (temperature as a function of voltage) will be output in
Microsoft Excel for each thermocouple connected to the unit. A DAQ will be used to interface
with a PC running LabVIEW; LabVIEW will be programmed to automate the process.
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Thermoelectric Device

Figure 2. Schematic Diagram of Thermoelectric Device Concept
This concept is very similar to the previous design with regard to system control and data
acquisition. A PC running LabVIEW is used as the controller with input and output done via a
DAQ system. An RTD sensor is used as the feedback sensor in the temperature control loop.
Rather than using an immersion heater and cooler to control a fluid temperature which in turn
controls the temperature of an isothermal block, a thermoelectric device is used. A
thermoelectric device operates on the Peltier effect which states that current flow through
specific dissimilar semiconductors results in the cooling of one junction and heating of the other
junction of two dissimilar semiconductors. A thermoelectric device contains many of these
junctions wired in series, but thermally parallel. A controlled current source is used to control
the temperature of the surface of the element. By varying the current from the current source,
the temperature of the thermoelectric device can be controlled. The thermocouples to be
21

calibrated are surface mounted to one side of the thermoelectric device. The other side of the
thermoelectric device requires a heat management system, such as a finned heat sink and fan, or
a water-cooled heat exchanger. The max acceptable temperature difference across the two sides
of the thermoelectric device is around 80°C (TE Technology, 2010).
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Single Fluid Open Loop Submerged Thermocouples

Figure 3. Schematic Diagram of Single Fluid Open Loop Concept
This concept is again similar to the first, with a heat transfer fluid being circulated through a heat
exchanger loop. A submerged cooling coil and resistance heater are used to control the
temperature of the working fluid. In this design, the thermocouples are inserted directly into the
working fluid. This design eliminates the need for an isothermal block, which makes the overall
design less complex. The design does require that a heat transfer fluid be found that is capable
of stability across a range of temperatures from -40°C to 300°C. As stated in the first design
concept, Clearco Pure Silicone Fluid is purportedly stable across this entire temperature range.
With the open loop system, fluid evaporation at high temperatures can possibly be a safety
concern.
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Multiple Fluid Closed-Loop Isothermal Block

Figure 4. Schematic Diagram of Multiple Fluid Closed-Loop Isothermal Block Concept
This design concept utilizes two working fluids, one that is suitable for cooler temperatures
(-40°C to the transition point) and one that is suitable for high temperatures (from the transition
point to 300°C). This design also utilizes the isothermal block concept, with the thermocouple
junction surface mounted to the block and an RTD sensor surface mounted to the same block.
LabVIEW is used both as a controller for the temperature of the isothermal block and for data
recording. Once the system has collected all the data, it is exported to Excel to output calibration
curves for each thermocouple.
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Triple Point Fluid

Figure 5. Diagram
iagram of Triple Point Fluid Concept
The Triple Point system is a more complex idea. This device’s main function is to incorporate
boiling and freezing points of some common fluids using a mechanical device. The benefit of
this is that these states will ensure precise temperatures.
The Triplee Point system consists of tree fluids: water, oil and mercury. There will be two stages
containing water. One will contain water at its boiling point (HH) and the other at its freezing
point (HF). Water will provide the calibration points at two temperatu
temperatures, 100ºC
C and 0ºC.
0
Another stage will contain oil (OH). Oil’s boiling, which is 300
300ºC
C ensures the device will reach
the highest required calibration point. Mercury at its freezing point will be the lowest point in
the calibration curve. The next stage w
will
ill be insulated space (look at drawing for visual). This
space will provide a calibration point at the room temperature, making an ultimate count of five
calibration points.
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Each container will be theoretically isothermal and separated by insulation. In order to ensure
that the process can be assumed to be isothermal, copper will be the preferred material for these
containers. The purpose of the insulation is to ensure that the temperatures do not inter-mingle
with each other otherwise causing an unwanted temperature gradient. There will also be a center
foam/insulation unit for the same purpose.
Ultimately this system runs by having a set of five thermocouples at each station. They will be
connected through the thermocouple connection slots. Once the thermocouples have reached the
desired temperature, which through analysis an exact time constant can be calculated, the
system’s center will rotate moving the next station to the next set of thermocouples. This rotation
will occur mechanically, rotating after the time constant has been met. This will go on for a total
of five times; giving each thermocouple a chance at each temperature point. Ultimately using
LabVIEW, as well as and RTD sensor, a calibration curve will be generated in Excel.
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Utilize Existing Fluid Bath Calibrators
A possible solution to this calibration problem is to utilize off the shelf calibration baths. These
baths are available in many different configurations and temperature ranges. Common
calibration baths are open systems and utilize only one heat transfer fluid. It may be possible to
modify a commercially available fluid bath to achieve a wider temperature range. It is also
possible to modify or completely bypass the fluid bath’s original control system and user
interface in order to meet the requirements of this project. A high accuracy temperature sensor
will be required for the temperature control loop, which would be automated and controlled via
LabVIEW. With a system that utilizes existing baths, it would not be possible to calibrate
thermocouples over the entire temperature range. Due to the initial cost of fluid baths, the
necessary modifications and the inability to meet the temperature range requirements, the
existing fluid baths are not considered as a possible solution.
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Design Discussion
Concept Selection
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The decision matrix is used to compare each concept with regard to the requirements found in
Table 2. Top level analysis for each system to determine respective limitations is used to
populate the matrix. A score of three indicates that the system is capable of meeting the
requirement with no limitations or problems. A score of two indicates the system may be
capable of meeting the requirement, but with difficulty. A score of one indicates the system will
not be capable of meeting the requirement.
The thermocouple type capability is not a problem for any of the systems; each system would be
able to work with any thermocouple type. This criteria is proven via inspection, there is no
analysis necessary to prove this.
The temperature range requirement is a difficulty for many systems. The single fluid systems are
limited by the temperature range of the fluid. The heating and cooling elements would not be
limitations. There are commercially available fluids that have published stable temperature
ranges from -40°C to 300°C. These fluids exhibit a large change in viscosity over this
temperature range however, and the fluid may have pumping problems that result in non-uniform
temperatures through the system. In addition to the viscosity problem, the fluids are at or near
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boiling point at atmospheric pressure which could potentially result in a dangerous situation
involving potentially harmful gasses and requiring a closed system that is capable of
withstanding pressures above atmospheric. The thermoelectric device has difficulty meeting the
temperature range requirements due to the construction process of thermoelectric devices. Most
are soldered, with some flame brazed aluminum options, with a max temp of no more than 300.
The choice of fluids in the triple point model allows the temperature range to meet the
requirements.
The accuracy of the temperature of the systems is related to the thermal mass of the system. A
design with a larger thermal mass will inherently be more stable, and therefore be capable of a
higher thermal stability and accuracy. The thermoelectric device has a low thermal mass and the
construction method (multiple semiconductor junctions) minimizes the possibility of having an
isothermal surface for thermocouple attachment.
The time to calibrate is also a function of the thermal mass of the system. The higher the thermal
mass, the more energy and or time required to change temperature. The triple point concept and
the thermoelectric concept both have the potential to minimize the time required to perform the
calibration. A quick analysis indicates that it will be possible to have the concepts utilizing
fluids perform the required temperature sweep for the calibration within the required time period
using a common 110v power source.
Having the capability to meet the quantity of thermocouples to be calibrated requirement is a
limitation of both the thermoelectric device and the triple point concept. The fluid systems are
all capable of being scaled in size to allow any number of thermocouples to be calibrated
simultaneously. The thermoelectric device has fundamental physical limitations, the largest
commercially available having no more than approximately 6400 square millimeters of available
heat transfer surface area. A heat transfer plate could potentially be attached to the
thermoelectric device in order to increase the surface area, but that increases the required heat
pumping capabilities of the thermoelectric device and is not physically realistic. The triple point
fluid only scores two in regard to the number of thermocouples due to the complexity of
mounting the thermocouples.
With the exception of the triple point concept, all of the systems have no limitations concerning
the number of data points collected. The triple point concept is only capable of calibration at the
same number of points as the number of elements contained in the system; in this case it is five.
More could be added, but it would require a system redesign and could not be done easily.
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Once this design was chosen, components were sourced. Pumps capable of operation at both
low and high temperatures are both difficult to find and expensive. In addition to the pump, the
fluids themselves are volatile, and having the two fluids running through a single copper block at
once would mean that both fluids would be well outside of their operating temperatures at some
point during the calibration process. The low temperature fluid would be above its boiling point
at 300°C, and pressures of well over 1000psi were expected. A decision was then made to split
the block into two separate blocks and have the user manually switch over the thermocouples at
the appropriate point in the calibration process.
Once the decision had been made to completely separate the hot and cold circuits, the fluid
pressure was no longer a problem. The pump operating temperature was still a problem. During
a design review it was suggested that we remove the fluid completely. This would remove the
need for both pumps and fluids. Eliminating the fluid meant the thermal mass of the system also
decreased; a design parameter tested later using FEA.
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DESCRIPTION OF THE FINAL DESIGN
Detailed Design Description

Figure 6. Annotated schematic of thermocouple calibration device (insulation suppressed).
The final design utilizes two separate copper blocks as controlled temperature mediums for the
thermocouple calibration. The low temperature calibration (below ambient) is performed with
one block and the high temperature calibration (above ambient) is performed with the other. The
critical parts of this calibration unit are the two copper blocks which act like thermal reservoirs.
Using LabVIEW and a control loop, the blocks can be brought to a specific calibration
temperature and maintained at that temperature. This allows a large quantity of thermocouples
to be calibrated simultaneously, as the entire block is at one specific temperature. The
isothermal concept requires excellent insulation and geometric symmetry. The RTD sensor and
thermocouples are in direct contact with the copper block. The RTD is embedded into the block,
while the thermocouples are compressed between two parts of the block with screws. The block
itself is two halves, starting out as a 1”x1” block of pure (99.9%) copper. The two halves bolt
together to contain the heating/cooling element and capture the thermocouples. With the heater,
thermocouples and RTD all in contact with the block, the entire assembly is surrounded by
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cellular glass insulation. During the calibration process the thermocouples are removed from one
block and transferred to the other. Direct contact conduction is utilized to heat and cool the
blocks. A stainless steel cartridge heater is used as a heat source of the high temperature
calibration block and a vapor-compression cycle cooler with a stainless steel probe is used as
heat sink for the low temperature calibration block. RTD sensors are embedded in each block
for a reference temperature source. National Instruments data acquisition units are used for data
collection. National Instruments LabVIEW is used to collect data and control the system.
Cellular glass insulation is used to insulate the system and minimize heat transfer to the
surroundings. A protective housing surrounds the entire system in order to reduce heat transfer
and prevent inadvertent exposure to temperature extremes by the user. The user connects the
thermocouples to the block, places the insulation on the block and runs the LabVIEW program.
LabVIEW controls the temperature and collects data, the output is an excel file with a
temperature and voltage correlation for each thermocouple. For this project, the cold side was
omitted and only the hot side calibration was performed.
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Analysis Results
The overall system uncertainty due to the various electronic components can be seen in table 7.
These uncertainties assume an isothermal, steady state condition. This condition should be
achievable due to the thermal mass of the copper and the effectiveness of the insulation, along
with an effective temperature control loop. Verification of the isothermal condition is done by
calibrating several thermocouples outside the system, with an ice bath and hot bath. These
thermocouples are then positioned along the length of the block and the temperature is brought
up to the temperature of the hot bath. If the temperatures measured along the length of the block
are equal to or less than the overall system uncertainty at that measurement (approx. ±0.50°C)
then the isothermal, steady state assumption is a valid assumption. The RTD sensor has been
tested for accuracy using the NI hardware and known temperature mediums; an ice bath and
boiling water and the temperature measurement fell within the uncertainty range. Based on these
results, we can say with confidence that the total system uncertainty is similar to the total
theoretical uncertainty in table 7. Further testing is ongoing for verification.
Table 7. Theoretical Total System Uncertainty
System
Temperature
(°C)

Thermocouple
System Error

RTD Sensor
System Error

RTD
Accuracy

Total
Uncertainty

-40

± 0.46°C

± 0.20°C

± 0.10°C

± 0.51°C

0

± 0.37°C

± 0.20°C

± 0.06°C

± 0.42°C

300

± 0.42°C

± 0.30°C

± 0.39°C

± 0.65°C
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Based on measurements taken in several tests performed for mounting methods, a clamping-type
mounting method was chosen. More test information can be found in the design verification
section. Based on the mounting method, and calculations that can be found in the appendix, the
torque of the fastening hardware can be related to the surface pressure between the copper block
halves. This mounting pressure is the pressure experienced by the thermocouples being
clamped. Further testing is ongoing in order to explore the potential correlation between fastener
torque and thermocouple response. Based on initial observations, the relationship is highly
nonlinear and as long as a certain torque is reached, then there is little change in thermocouple
response with increasing torque.
Table 8. Thermocouple Mounting Pressure
Torque (in-lbf)

Pave (psi)

1

98

2

196

3

294

4

392

5

491

6

589
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Cost Breakdown
Table 9. Cost Breakdown / Bill of Materials for Thermocouple Calibration Device
Quantity

Manufacturer

Description

Part No.

Cost (Est.)

Totals

1

National
Instruments

16 Channel High Accuracy
Thermocouple Board

NI 9214

$1,299

$1,299

1

National
Instruments

4 Channel RTD Board

NI 9217

$493

$493

1

National
Instruments

4 Bay DAQ USB Chassis

NI cDAQ-9174

$699

$699

1

National
Instruments

4 Channel Relay Board

NI 9481

$169

$169

1

FTS Systems

Immersion Cooler

FC55-A01

$1,850

$1,850

1

Watlow

Firerod Cartridge Heater

J7A50

$51.52

$51.52

2

Pyromation

Platinum RTD Sensor

R5T185K48R284003-00-18-K3024-2

$172.70

$345.40

2

McMaster Carr

1"x1"x12" Copper Block

89275K53

$52.52

$105.04

1

Pittsburgh
Corning

FOAMGLAS Cellular Glass
Insulation

4”x18”x24”

$20.88

$20.88

1

NTE

120V 15A Relay

R47-5A15-120

$16.47

$16.47

1

-

.025 inch Aluminum Sheet

-

$40

$40
$5089.31
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Component Selection
Copper was chosen as a heat transfer medium due to its exceptional thermal conductivity and
relatively high melting point. Copper blocks were selected to increase the thermal mass of the
system and therefore insure thermal stability and uniformity. Aluminum was also considered but
rejected due to a higher coefficient of thermal expansion and lower melting point. The copper is
in the system as a thermal reservoir, stabilizing the temperature for calibration. An FEA analysis
using Abaqus indicated that the originally specified thermal mass was excessive. The system
was thermally stable with a much smaller volume of copper than originally specified. The
copper dimensions were accordingly adjusted to 1”x1”x8”. This saves material cost in copper
and power cost. With sufficient insulation, the system is still extremely thermally stable. A
recess is machined into each block in order to house the heating and cooling elements. Both
elements are stainless steel which has a thermal expansion coefficient similar to that of copper,
minimizing thermal stresses. Aluminum was also considered but was rejected due to its relatively
low melting point.

Figure 7. Copper Heat Transfer Block
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For the low temperature calibration block the specified heat removal device is a vaporcompression cycle cooler with a stainless steel probe. Other devices were considered but the
heat removal rates required at low temperatures (-40°C) dictated a vapor compression cooler.
The cooler specified is produced by FTS systems and has a stainless steel probe as the
evaporative element. With the probe set into a copper block, heat may be removed from the
block at up to 70 watts of heat removal at -40°C. The device uses R1270 refrigerant which is a
very environmentally friendly refrigerant. The stainless probe is 7 inches long and ¾ inch in
diameter. The probe is inserted into a recess machined into the copper block and removes heat
via conduction. The unit operates off a common 110VAC circuit and is controlled via
LabVIEW. The unit is controlled via a relay that turns the unit on and off when necessary to
reach or maintain a temperature set point.
The heater used in this design is an electric cartridge heater. This heater is an electric resistance
type heater that is controlled through LabVIEW and used to bring the high temperature block up
to and maintain at a certain temperature. The cartridge heater specified is manufactured by
Watlow and is a 7 inch long, ½ inch diameter tubular heater. It operates on 120VAC and is
capable of 600 watts of output power. This model uses nickel-chromium resistance wire and a
stainless steel outer sheath. The heater is controlled in a similar way to the cooler, with
LabVIEW controlling an output relay that turns another power relay on or off to control the
temperature.
Resistance Temperature Detectors (RTDs) were chosen as the sensor for their very desirable
characteristics. The high accuracy models usually use platinum as a sensor media, which is
stable across a wide temperature range and has a very linear relationship between temperature
and resistance. Compared to thermocouples, the other sensors used for large temperature range
measurements, RTDs exhibit much higher accuracies. Compared to thermistors, RTDs have a
much slower response time and a lower sensitivity. Thermistors are not suitable for the
temperature ranges produced with this calibration device. RTDs exhibit little temperature drift
with time and are highly repeatable. Four wire configurations, the type specified in this design
increase the accuracy of the RTD. The multiple wire configurations minimize the effects of the
resistance of the lead wires, in addition to self-heating. A 1/5 class B accuracy RTD was chosen
for this project due to very high accuracy.
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For the electronics, inputs and outputs compatible with LabVIEW were selected. The
thermocouple input is National Instruments (NI) high accuracy 24 bit 16 channel isothermal
input module. This module has an internal isothermal junction block with several cold-junction
compensation sensors. It is compatible with most thermocouple types, including T and K.
Accuracy information can be found in the background section of this document. The RTD
resistance is measured with a separate NI board, capable of monitoring up to four individual four
wire sensors. A four channel NI relay board was selected for output capabilities. This board is
capable of controlling relays or units in order to control system temperatures. The chassis has
slots for up to four boards, so another thermocouple board can be added in order to increase the
number of thermocouples that will be calibrated, up to 32.
Cellular glass is used as the insulation for the system due to its excellent temperature stability,
low cost, and low thermal conductivity. Few insulating materials are readily available that are
capable of meeting the temperature requirements, cellular glass has a published temperature
range of -260°C to 480°C. Other insulating media such as rigid calcium silicate and mineral
wool were considered, but rejected due to incompatible temperature ranges or high thermal
conductivity. The system is projected to loose less than 80 watts of heat at 300°C with two
inches of insulation surrounding the block. This insulation is also rigid enough to be easily
machined and provide structure for the system. The copper blocks will be placed directly on the
cellular glass. The specific product specified was chosen for its origin in the United States, as
the material is relatively fragile and prone to shipping damage.
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Figure 8. Copper Heat Transfer Block and Cellular Glass Insulation
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Instructions for Use
In order to perform calibration, the user must have access to a PC with National Instruments
LabVIEW installed. The DAQ chassis is connected to this computer, and the LabVIEW
program is loaded. The latest version of LabVIEW was used for the code development,
LabVIEW 2011, so the user must have access to an equal or more recent version of LabVIEW.
The NI chassis is connected to the computer via a USB cable, and all cards should be inserted
into the chassis and the chassis plugged in. Thermocouples must be attached to the NI card with
the provided binding post terminals. It should be verified that the RTD sensor is correctly
connected to the RTD card and the relay is connected to the I/O card. With the computer on and
LabVIEW open, the thermocouples can be attached to the copper block.
First, the case must be opened and the insulation covering the blocks must be removed. The
insulation is very fragile and easily damaged, so great care should be taken when removing or
replacing the insulation. The top piece of insulation can simply be picked up off the top of the
block. With the upper insulation removed, the screws holding the two sides of the copper block
can be loosened using a 3/32” Allen Head hex wrench. The screws may be simply loosened or
completely removed depending on the preference of the user. The thermocouples can then be
placed on the copper block, along the surface towards the front of the case on the flat surface
around the mounting bolt holes. It is important to make sure the thermocouples are not touching
the heating element or clamping screws. It may be easier to use masking tape or a similar low
tack tape to hold the thermocouples in position along the insulation while the tips are aligned
along the copper block. With all the thermocouples placed appropriately, the top half of the
block should be replaced and the mounting hardware tightened to 3 in-lbf. The top of the
insulation can then be replaced and the cover of the case closed.
With the computer on and the thermocouples mounted, the power can be connected to the case.
The calibration program should then be run in LabVIEW. Once this process is done, the
calibration data can be analyzed and attached to each thermocouple in whatever means is
convenient, either electronic or as a hard copy. The thermocouples should be labeled before they
are removed from the NI card’s binding posts, in order to insure the correct calibration data is
related to the correct thermocouple. Caution should be used after calibration; the copper block
will remain hot for a long period of time if the insulation is left covering it. LabVIEW can be
used to monitor the temperature of the block as it cools down. In order to let the system cool
down more quickly, the top piece of insulation may be carefully removed. Care must be taken in
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order to prevent anyone or anything coming into contact with the hot copper block if the
insulation is removed.
Checklist:
Before RUNS
•
•
•
•
•
•

Turn on the computer. Open designated LabVIEW files. Make sure only LabVIEW and
Excel are running at this time (this ensures the computer wont crash).
Clamp the thermocouples. Make sure that they are all evenly distributed. This should be
done with care (make sure the heater is unplugged).
Check insulation. Ensure that the copper block is properly placed, and properly secure.
Make sure all mounting bolts are tight and appropriately torqued.
Verify that LabVIEW is working properly.
Plug in the heater (plug in the back of the case).

RUNS:
•
•
•

Once all devices are properly powered and the LabVIEW programmed is launch, start the
program.
Monitor the computer to make sure nothing inappropriate is happening (keep an eye on
the system temperature).
If problems occur, unplug the heater.
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PRODUCT REALIZATION
Manufacturing Processes
Many of the components used in this calibration device are off the shelf. The parts requiring
manufacturing or assembly include the heat transfer block, the insulation, the exterior housing,
and the electrical wiring. In addition, the computer code that runs the system and records data
was developed, and is covered in a following section.
The copper blocks are sourced from McMaster Carr. The copper is available in foot length
increments. The block was first cut to length using a band saw. Next the eight holes were
drilled into the block using a drill press. The heads were counter bored on the drill press after the
holes were bored. With the holes bored the block was cut in half lengthwise using a band saw
with a fence. The cut face was then faced using a fly cutter on a mill. The mill was also used to
cut the recess for the cartridge heater using a ball end mill. The threads were manually tapped
into all of the threaded hole locations after the mill work. The holes in the upper half of the
block were bored out after the mill work in order to reflect the fact that they are clearance holes.
Copper cuts easily with sawing processes, but care must be taken in drilling, milling and tapping
processes. The material is very soft and very thermally conductive, so the work piece must be
flooded with coolant and sharp tooling should be used. Cutting speeds that are too fast have a
tendency to gall the material and overheat it and cause it to weld to the cutter or to the base
material. Similarly tapping must be performed slowly with sufficient cutting fluid, backing out
the tap frequently to remove the chips from the hole.
The cellular glass foam was cut to size using a saw process. The foam is extremely fragile and
prone to brittle cracking in addition to being easily crushed, so it is not possible to clamp the
material using conventional processes. The material is very soft and cuts very easily with light
pressure with any type of saw. For this example, a fine tooth hacksaw was used. To create the
cutout in the center of the foam, a router with a ½ inch straight bit was used in conjunction with a
dust collection system.
The aluminum exterior case was manufactured using standard procedures; a sheet metal brake, a
sheet metal shear, a drill press and rivets. Each piece was cut out per the drawings with a shear
and then marked and bent. The pieces were clamped together and 1/8” holes drilled for the rivets
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using either a drill press or a hand drill and a wood backing plate. Any trim cuts were performed
using hand shears.
The wiring for this hardware is rather straightforward, with one relay used to control the heater
from the output from LabVIEW. A standard 15A 120V connector is installed into the case to
ease transport and installation. The case is grounded with a jumper wire from the case to the
ground on the 3 wire 120v plug. The outlets from the plug go directly to the relay that then goes
to the heating element. The output from the NI relay connects to the relay. All wires are
insulated multi-strand copper that are connected using crimp connectors or binding posts.
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Code Development
In order to accomplish the task of data acquisition and analysis we employed the use of National
Instruments LabVIEW software. We used the newest version of LabVIEW so that any
compatibility issues with using new National Instruments DAQ systems would be removed.
Though we could not meet the goal of full automation, the program can collect all of the
temperatures and voltages required for calibration and output that file to excel. Additionally,
temperatures can be manually input so that multiple calibration points can be collected for the
calibration curve.

Figure 9. DAQ Collection Code for Output to Spreadsheet
In Figure 9 the readings from the thermocouples and the RTD are collected using the DAQ
assistant module within LabVIEW. If you click on this module you can change the parameters of
the data being collected as well as change what channels you want to collect the data from. All of
these data points are fed into an array which is then converted to a standard spreadsheet format
usable in any program that utilizes spreadsheet files.
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Figure 10. Control System for Cartridge Heater
Figure 10 displays the control loop for the cartridge heater with the feedback being the
temperature signal from the RTD. For this to work the read task should be set to the RTD
channel, and the write task set to the output board connected to the DAQ system. This controls
the 120V relay which turns the heater on and off. When you input the calibration temperature
you desire, the heater will turn on until the temperature is reached.
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Future/Upgrades
An assembly similar to the assembly produced for the hot side calibration is to be produced for
the cold side calibration. The copper block is very similar, as are the insulation and the case.
The only major difference is the diameter of the recess that must be machined in order to accept
the cooling probe. The cold side calibration assembly would not need the relay or the power
connection required by the hot side. The cooler would then need to be connected to the output
relay from the NI chassis, in whatever way seems appropriate. A LabVIEW loop similar to the
hot calibration program would be adapted to the cold calibration system.
For both systems, more testing and validation must be performed. As outlined previously, the
effects of mounting pressure need to be more thoroughly. In addition, more tests should be
performed in order to validate the isothermal, steady state assumption. These tests should be
performed at various temperatures, in non-steady state and in steady state conditions, and during
both heating and cooling. As observed with thermocouples, and any system with a first order
response, it may be beneficial to take data both while the system is heating and while the system
cools off in order to take data on the way ‘up’ and on the way ‘down’ if true steady state
conditions cannot be achieved. Additionally, more RTD sensors may be specified if there is a
temperature gradient within the block that needs to be calibrated for.
The LabVIEW code is under constant development and is the area most needing improvement.
It is believed that the code could potentially almost fully automate the process; bringing the
system to preset steady state temperatures, taking several data points at that temperature, and
then moving on to another set point. Once the data is collected, an equation could be developed
based on the data points taken. Ideally, the process would output an equation for each individual
thermocouple calibrated, attached to the input channel of each respective thermocouple.
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DESIGN VERIFICATION
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Figure 11. Thermal Well Temperature Validation Test Data

The first method tested in our mounting validation testing was the thermal well concept
suggested by Tesla. This mounting method was more complex than other methods and required
the thermocouple to not touch the walls of the thermal well. From the data you immediately
notice there is a lot of noise in the measurement. This is due to the free convection currents
created by the temperature difference between the wall and the air and causes the slight
fluctuations in temperature. Over the course of the test the two temperatures read were always at
a constant temperature difference. This was purely because of the locations of the thermocouples
and the inherent temperature gradients in the block, this will be greatly improved with thermal
insulation and having a steady state temperature.
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Figure 12. Clamp mounting method Validation Test Data

The clamp method proved to be much more reliable and robust. The mounting of the
thermocouples took very little time and the readings were surprisingly accurate with only a small
amount of random noise. All of the temperature readings indicated a very smooth curve and a
very steady temperature once it reached steady state. This method was selected for its ease of
use, speed at which the experiment is set up and the very consistent temperature readings.
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Figure 13.. Thermocouple Calibration Device DVPR
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CONCLUSIONS AND RECOMMENDATIONS
Based on the performance of the calibration system at this point, we feel confident that the
system is capable of meeting most of the original engineering specifications. The customer,
Tesla Motors, requested the simplification of the system by removing the below ambient
calibration. Our device meets all the requirements with the exception of full automation and the
accuracy requirement. The accuracy of the system is most affected by the off the shelf hardware
and the associated hardware. With some reworking it would be possible to significantly increase
the overall system accuracy, most critically by looking at the cold junction compensation built
into the thermocouple input device.
The total calibration time is less than 4 hours based on the power of the heater and the thermal
mass of the block. The unit is currently capable of calibrating 16 thermocouples at a time and is
expandable to 32 with the addition of another thermocouple input card. Alternatively, with both
the hot and cold calibration blocks running, 16 thermocouples could be calibrated on the cold
side while 16 are calibrated on the hot side, and then they are changed over mid calibration. In
this way 32 thermocouples could be simultaneously calibrated without trying to get 32
thermocouples to line up on the same block.
With the addition of the cold side block and further work on LabVIEW and other procedures as
outlined in the Future/Upgrades section, all of the original engineering requirements would
potentially be met.
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APPENDIX A
Project Scope and Requirements.docx
Received 29 September, 2011 from Reid Olsen (rolsen@teslamotors.com)

Thermocouple Calibration Device
Project Definition
The Thermocouple Calibration Device will be able to calibrate multiple thermocouples to an accuracy an
order of magnitude greater than the thermocouples themselves. Each thermocouple will need to be
labeled with an identifier that can track the calibration constant determined by a curve fit graph of
collected data. The system must be fully automated once operation has begun.

Specific Requirements
•
•
•
•
•
•
•
•

Calibrate 25 thermocouples at one time
An order of magnitude more accurate than Type T and Type K thermocouples
-40° to 300° C range
Take between 5 and 10 measurements over the given range to increase accuracy of calibration
constant
Four hour cycle time
No user intervention or monitoring required during operation
Report output in Excel, data acquired through LabView
CAD files for all machined parts
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Figure A-1. QFD for Tesla Motors thermocouple calibration device. This figure shows the
specific requirements and what importance they play (Done for academic reasons).

The Quality Function Deployment (QFD) method is used to help define requirements and
understand a problem. In this instance the sponsor (Tesla) has provided detailed requirements
and a specific problem. In a project with a less well defined problem, the QFD method is
invaluable. The QFD used for this project is seen in Figure 1. On the left hand side of the figure
are customer provided requirements. Along the top are usually more specific requirements that
may be assigned values. Those values would go along the bottom of the figure. In this case the
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figure is configured differently, with the specific requirements provided by the customer on the
left and more general requirements along the top. The QFD was still used as a discussion point
as each value on the figure has been decided by the group after much discussion and
consideration. In the end, it was found that the closest competitor to our design goal would be
sending the thermocouples off to be calibrated by a commercial entity. The cost/accuracy ratio is
the deciding difference between the commercial calibration and NIST calibration. After
finishing this QFD we can see that the complexity of the project will be the most critical
attribute. This is understandable; the goal is to construct a calibration device and accurate
calibrations are rarely simple. The QFD also confirms the importance of the user interface and
calibration temperature range.

54

APPENDIX B
System Schematic/Exploded View/Parts Drawings

Figure A-2. Heater Drawing
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Figure A-3. Insulation Drawing
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Figure A-4. Copper Block Bottom Drawing
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Figure A-5. Copper Block Top Drawing
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Figure A-6. Case Bottom Drawing
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Figure A-7. Case Back Drawing
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Figure A-8. Case Lid Drawing
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Figure A-9. Case Front and Case Lid Side Drawings
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Figure A-10. Case Left and Right Side Drawings
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External Case Exploded View and Pictoral View

Figure A-11. Case Exploded View
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Figure A-12. Case Pictoral View
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APPENDIX C
Vendors
Vendor

Components

Pricing

National Instruments

16 Channel High Accuracy
Thermocouple Board NI 9214

$1,299
$493

4 Channel RTD Board
9217

NI

4 Bay DAQ USB Chassis NI
cDAQ-9174

$699

4 Channel Relay Board NI 9481
$169
McMaster Carr

1”x1”x12” Copper Block

$52.52

hardware
Insul-Therm International

Pittsburgh Corning FOAMGLAS
Insulation

$20.88

Commerce, CA 90040
4”x18”x24” Block
323-728-0558
Thermal Devices

Watlow Firerod Cartridge Heater

Mt. Airy, MD 21771

FR-J7A50TD

$51.52

301-831-7550
Pyromation Inc.

RTD Sensor - R5T185K48R284003-00-18-K3024-2

Fort Wayne, IN 46825
260-484-2580

66

$172.70
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Fluid Loop Systems
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Triple Point Fluid
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Design Stage Uncertainty Propagation
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Thermal Expansion Calculations
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Insulation Comparison Calculations
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Low Temperature Block Time To Temperature Calculations
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Thermocouple Mounting Pressure
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Gantt Chart

91

Figure A-13. Gantt Chart
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